[1] A series of 10 advanced very high resolution radiometers (AVHRRs) flown on National Oceanic and Atmospheric Administration (NOAA)'s polar-orbiting satellites for over 20 years has provided data suitable for many quantitative remote sensing applications. To be useful for geophysical research, each radiometer must be accurately calibrated, which poses problems in the AVHRR reflectance channels because they have no onboard calibration. Previous studies have shown that values of the reflectance channel calibrations, accurately measured during preflight, change abruptly immediately after launch and then change slowly during the satellite's lifetime. The presence of the dual-gain reflectance channels on the current series of AVHRRs also complicates the application of previous calibration techniques. A technique is presented here for calibrating the AVHRR dual-gain reflectance channels using Moderate Resolution Imaging Spectrometer (MODIS) data. This method employs selective criteria to reproduce a laboratory type calibration where instrument counts observed by AVHRR are matched to reflectances measured by MODIS on a pixel by pixel basis for coincident and co-located scenes. Unlike AVHRR, MODIS employs onboard calibration of its reflectance channels. The goal here was to explore the utility of using MODIS to calibrate the new dual-gain reflectance channels of the AVHRR. The AVHRRs in the NOAA-KLM series of spacecraft employ a dual-gain approach to increase the sensitivity to dark scenes. Traditional methods using radiometrically stable targets to calibrate the reflectance channels of AVHRR typically do not provide data for both gain settings. The data from two scenes that met the over-pass criteria are analyzed. The regression of the MODIS reflectances versus the AVHRR counts for these scenes were able to produce calibration slopes and intercepts in both the low and high gain regions. The reflectance differences using the MODIS-derived calibration compared to preflight calibration are well within the expected behavior of the AVHRR during its first year in orbit. Comparison with reference ch1 and ch2 reflectance values from NOAA 9 for a Libyan Desert Target were within 5% of those using the MODIS-derived calibration. While the determination of the absolute accuracy this approach needs further study, it clearly offers the potential for calibration of the AVHRR dual-gain reflectance channels.
Introduction
[2] A series of 10 advanced very high resolution radiometers (AVHRRs) flown on NOAA's polar-orbiting satellites for over 20 years has provided data suitable for many quantitative remote sensing applications. AVHRRs are planned to fly until at least 2010 and the entire data set is now freely and easily accessible from the NOAA Satellite Active Archive (http://www.saa.noaa.gov). The AVHRR data set offers a unique potential for the long-term studies of several critical geophysical parameters [Cracknell, 1997] . In recognition of this, NOAA and NASA have supported several AVHRR Pathfinder reprocessing efforts aimed at making climatologies of key derived geophysical records from the AVHRR accessible to the science community [Stowe et al., 2002; Townshend, 1994] . A limiting factor in the use of this data is the lack of onboard calibration of its reflective channels. For climate studies, accurate calibration of each AVHRR is necessary to ensure that derived trends in the data are caused by real changes in environmental parameters, not by instrument artifacts. Each AVHRR is accurately calibrated preflight but generally this preflight reflectance calibration is not accurate after launch. In addition, the AVHRR reflectance channels tend to degrade with time requiring a time dependent calibration. As described later, several methods exist for post-launch AVHRR calibration but the derived calibrations for the same channels for the instrument can vary significantly [Rao and Chen, 1995] . These calibration differences often result in large discrepancies in derived products. For example, much of the large differences in aerosol optical depths reported by Stowe et al. [2002] could be accounted for solely by the differing AVHRR reflectance calibrations used by NOAA and NASA. The sensitivity of a time-series of vegetation index, a key climate monitoring parameter, to the estimated AVHRR reflectance calibration is demonstrated by Gutman [1999] .
[3] The AVHRRs on the current series of spacecraft (NOAA-KLM) have three reflective channels (ch1: 0.59 -0.67 mm, ch2: 0.73 -0.96 mm, ch3a: 1.58-1.63 mm). The AVHRRs on previous spacecraft did not have ch3a. Another major change with the NOAA-KLM series is that the reflectance channels employ a dual-gain approach in order to increase the sensitivity to low levels of reflectance. A major goal of this study then is to demonstrate that the new dual-gain feature of the AVHRR does not compromise its ability to be calibrated post-launch and therefore reduce the AVHRRs's effectiveness for climate studies. The techniques described here provide a direct method of monitoring the performance of the dual-gain AVHRR reflectance channels.
[4] Typically, NOAA and users of AVHRR reflectance data calibrate the reflective channels by observing a time series of AVHRR data over radiometrically stable targets of known reflectance. For example, Chen [1995, 1996] and Heidinger et al. [2002] use observations over Desert Sites for calibration. Kaufman and Holben [1993] also include molecular scattering and sunglint over the ocean with desert reflectances to calibrate AVHRR. Techniques using bright clouds [Vermote and Kaufman, 1995] and snow/ ice covered polar regions [Loeb, 1997] have also been demonstrated. A drawback of these approaches is that they require either ancillary information to correct for atmospheric variations or sufficient time to characterize the radiometeric behavior of the chosen target. For example, the Rao and Chen [1996] calibration of NOAA 14 using the Libyan Desert Target requires compilation of data over at least one year to account for the seasonal trend in the surface reflectance. This approach is not sufficient to calibrate the dualgain channels on the NOAA-KLM AVHRRs since deserts typically provide only a narrow range of reflectances. The basis of the absolute calibration for many of these studies are the NOAA 9 measurements that were calibrated using airborne radiometers [Smith et al., 1988] . Since NOAA 9 did not have ch3a, no absolute calibration for ch3a exists from the NOAA 9 data. In addition, the accuracy of vicarious calibrations are limited due to the necessary assumptions they employ including assumptions about the angular variation in the surface reflectance of the target scenes. For example, the Libyan Desert reference reflectances computed using NOAA 9 for a specific range of solar and viewing angles are used to calibrate AVHRR reflectances over a wider range of angles by assuming the Libyan Desert's reflectance can be modeled using Minneart's approximation [Rao and Chen, 1995] . In addition, the natural variability of the target surface reflectances and atmospheric conditions also affect the calibration accuracy. Rao and Chen [1995] estimate that the Libyan Desert calibration of the AVHRR ch1 and ch2 for NOAA 7,9,11 have a relative accuracy of 5%. Based on the spread of calibrations derived for the same channel on the same instrument shown by Doelling et al. [2001] , independent vicarious calibration results can differ relative to each other by as much as 10%.
[5] With the launch of new imagers with onboard reflectance calibration systems, the possibility exists to use these data as calibration sources for AVHRR. In this paper, we use data from the Moderate Resolution Imaging Spectrometer (MODIS) from the NASA Terra spacecraft for this purpose. MODIS offers three channels which are spectrally comparable to the three AVHRR reflectance channels. The MODIS channels used in this study are ch1 (0.62-0.67 mm), ch2 (0.84 -0.88 mm) and ch6 (1.61-1.64 mm). The goal is to explore if MODIS data can overcome the limits of the previous vicarious calibration techniques and offer instantaneous calibration of all AVHRR reflectance channels over their entire dynamic range (both gain settings). An implicit assumption in this study is that the MODIS reflectances are perfectly calibrated. In fact, the MODIS reflectance channels used in the study are specified to be calibrated with an relative uncertainty of less than 2%. The definitive results on the performance of the MODIS reflectance calibration are still being determined. The study of Rao et al. [2002] does indicate that ch1 and ch2 of MODIS compare well with similar channels from the Along Track Scanning Radiometer-2, which also uses onboard calibration. Once the absolute calibration accuracy of the MODIS reflectances are known, the accuracy of MODIS-derived AVHRR calibration can be properly assessed.
[6] There are several potential ways of using MODIS data to calibrate AVHRR. In this study, we explore using coincident over-passes to use MODIS to calibrate AVHRR. Even though in different orbits, MODIS and AVHRR on NOAA 16 do over-pass each other. Over-pass in this sense means that MODIS and AVHRR view the same spot at nearly the same time. We employ selective criteria to reproduce a laboratory type calibration where we match the instrument counts observed by AVHRR to the reflectance measured by MODIS on pixel by pixel basis. By reducing the reliance on the assumptions prevalent in the vicarious calibration techniques, the method presented here should remove much of the uncertainty in the AVHRR reflectance calibration. Therefore if MODIS does meet its specified accuracy, this method offers the potential for improved accuracy beyond that obtained by previous vicarious techniques. In addition, it allows for simultaneous calibration of both the high and low gain states of the AVHRR given that the reflectances in the scene span a large range. It is important to note that the calibration coefficients of the AVHRR reflectance channels change over time. This technique provides calibration coefficients at the time of the over-pass. To maintain an accurate calibration, this technique needs to employed several times AAC X -2 per year because previous AVHRR sensors have shown a tendency to degrade with time.
[7] In summary, the techniques put forth in this paper constitute progress in the field of AVHRR calibration for the following two reasons: (1) This paper demonstrates the ability to instantaneously verify the performance of the new dual-gain AVHRR reflectance channels over a large dynamic range. AVHRR is the first uncalibrated dual-gain reflectance channel flown by NOAA. Because AVHRR data is used by a large community and offers an unrivaled imager data-record, understanding the performance of the dual-gain reflectance channels is critical. (2) This paper uses simultaneous and co-incident pixel-level comparisons to transfer a calibration, potentially instantly, from one satellite imager to another. As discussed later, the techniques used here avoid many limiting assumptions inherent in other approaches. Since AVHRR and MODIS are critical instruments in many geophysical research communities, these techniques offer critical insight into reconciling the geophysical records from these two instruments.
Data
[8] To best match the 1 km spatial resolution of the MODIS data, AVHRR HRPT data is used since it has a spatial resolution of 1.1 km. Unfortunately, AVHRR HRPT data is not globally available and its lack of availability limits the number of possible over-pass comparisons. To find appropriate data where MODIS and AVHRR over-pass each other, orbital tracking software was run from March to July 2001. Given the lack of availability of either the AVHRR HRPT or the MODIS data, only two appropriate over-passes were used for this study. The data set location and the mean time over the regions for calibration are given in Table 1 . While two studies do not comprise a comprehensive study, they are enough to address the fundamental feasibility of this technique. As shown, the agreement between the two scenes indicates that only a small number of scenes may be necessary to perform a calibration.
[9] To limit angular differences, only pixels with zenith angles within 10°of nadir are analyzed. Figures 1 and 2 Figure 1 . Images of ch2 reflectance (%) for scene 1 (70N, À164W). Left image is AVHRR data, center image is MODIS data and right image is AVHRR data remapped to the MODIS data.
show the unmapped ch2 reflectance data from MODIS and AVHRR for each over-pass analyzed here. Figure 1 shows a scene containing the Ledyard Bay on the North-West Coast of Alaska (70N, À164W) and scene 2 shows a scene containing the Chaunskaya Guba on the North Coast of Siberia (70N, 170E). Scene 1 has a significant amount of cirrus coverage while scene 2 is predominantly clear. The leftmost images in both figures show the AVHRR data and the center figure shows the MODIS data. The rightmost images show the AVHRR data remapped onto the MODIS data. The remapping was performed by replacing each MODIS reflectance with the nearest AVHRR pixel. The nearest AVHRR pixel was selected by choosing the pixel with the most similar latitude and longitude value. The black regions are where the co-located AVHRR data had a zenith angle greater than 10 degrees.
[10] The MODIS reflectance calibration uses an onboard solar diffuser and its reflectances therefore automatically include a correction for variations in the Sun-Earth distance. The AVHRR measurements do not include this correction. Without this correction, the AVHRR reflectance is the reflectance computed assuming the Sun-Earth distance is the mean value. In this study, the Sun-Earth distance correction is removed from the MODIS data to allow for direct comparison with AVHRR observations. The removal of the Sun-Earth distance correction resulted in a scaling factor of 0.978 for scene 1 and 0.967 for scene 2 being applied to the MODIS reflectances.
Methodology
[11] As stated above, the goal here is to use nearly coincident over-passes of AVHRR and MODIS to calibrate AVHRR. The method used here is to match each AVHRR pixel with its corresponding MODIS pixel over a region that meets the over-pass criteria. In this study, the over-pass criteria is that each pixel must be within 10°of nadir. By demanding nearly coincident over-passes, the solar zenith angle is also forced to be similar. While this is conceptually a straightforward procedure, in practice several additional steps are required. These additional steps include accounting for differences in navigation and in the spectral responses of the MODIS and AVHRR data. The remainder of this section will illustrate the processes used to derive the calibrations given in the next section.
Renavigation
[12] Both AVHRR and MODIS data provide the necessary information to assign a latitude and longitude to each pixel. It is these original navigation data that were used to remap the AVHRR data to the MODIS data shown in Figures 1 and 2 . Disagreement between the two navigation information caused an apparent spatial offset of the AVHRR image compared to the MODIS image. To correct for these differences, the remapped AVHRR data was shifted in the across-track and in the along-track directions to minimize the difference between the AVHRR and MODIS ch1 reflectance images. Figure 3 shows a contour plot of the mean ch1 reflectance difference as a function of across-track (Ái) and along-track (Áj) AVHRR pixel shifts for scene 1. The minimum ch1 reflectance difference occurs for a shift of (À1,5). This result is the same for both scenes for all channels. To illustrate this process further, Figure 4 shows two images. The left image is the ch1 reflectance difference image for scene 2 using the remapped AVHRR data with no AVHRR pixel shifts. The right images is the reflectance difference image with a shift of (À1,5). Clearly, the pixel shifting process is critical for bringing the AVHRR and MODIS into better agreement on pixel by pixel basis. Without this pixel shift, the high correlation of the pixel level comparison shown later disappears.
Accounting for Spectral Differences
[13] At this point, our analysis has produced AVHRR and MODIS data sets which have nearly identical viewing geometries and navigation. Before a calibration can be accomplished, the last remaining issue is accounting for the differences in the spectral response curves of the NOAA 16 AVHRR and MODIS/TERRA channels. The spectral response curves of the AVHRR (ch1,ch2,ch3a) and MOD-IS(ch1,ch2,ch6) channels used in this study are shown in Figure 5 . Also shown in Figure 5 is a spectrum of total atmospheric transmission computed for a sub-arctic atmospheric using MODTRAN4. It is clear from Figure 5 the spectral responses of the AVHRR and MODIS channels differ. In general, the MODIS channels are spectrally narrower and their spectral positions are optimized to avoid atmospheric absorption features. This is especially true of ch2 where the AVHRR ch2 encompasses absorption bands of water vapor and oxygen while the MODIS ch2 is placed in a spectrally cleaner window. In addition, the AVHRR ch3a is placed in a region with more CO 2 absorption than the MODIS ch6. Both the AVHRR and MODIS ch1 are relatively unaffected by gaseous absorption.
[14] To match the calibration accuracy achieved by past vicarious techniques (5%), an adjustment of the MODIS reflectances is required, especially for ch2. To do this, the MODTRAN4 radiative transfer model is run to simulate the effects of atmospheric absorption on the MODIS and AVHRR channels. A sub-arctic atmosphere is used and the water vapor amount is scaled by 0.01 to 5 times the nominal value. The solar zenith angle is set to be 50°which is roughly the value for both scenes. The surface reflectance is varied from 0 to 90% and is assumed Lambertian. A Lambertian assumption is usually not justified except in this case, where the effects due to the angular pattern of the surface reflectances are negligible because the viewing and solar geometries are nearly identical for the two data sets. In summary, roughly 100 MODTRAN4 runs, comprising a wide range of atmospheric water vapor profiles and surface reflectances, were used to investigate the differences between MODIS and AVHRR channels due to water vapor effects.
[15] A similar modeling approach has been used by Rao et al. [2002] , where MODTRAN was used to simulate the correlation of the visible channel on the GOES and AVHRR ch1. These channels are little affected by gaseous absorption and were therefore highly correlated. For AVHRR ch2, water absorption will act to reduce the correlation with MODIS ch2 since water vapor has very different impacts on each channel. For this channel then, the adjustment needs to be a function of the water vapor amount. One approach would be to explicitly model the water effect using information on the atmospheric moisture profile. This is possible for the clear sky pixels but is more challenging for the cloudy pixels because the water vapor must be apportioned properly above, within and below the cloud layer. Fortunately, MODIS also contains channels within and adjacent to the 0.94 mm water vapor absorption feature. These channels are used to derive total precipitable water algorithm from MODIS using the technique of Gao and Goetz [1990] . The MODIS total precipitable water uses the ratio of a channel in the absorption to one outside of the absorption. This ratio is a strong function of the total precipitable water and a weak function of the surface reflectance. In this study, the MODIS ch17 (0.905 mm) and ch18 (0.935 mm) are used to construct this ratio. MODIS ch18 is inside the water vapor absorption band while ch17 is mainly outside the band. To adjust the MODIS ch2 to simulate the AVHRR ch2, the ratio of MODIS to AVHRR ch2 is plotted as a function of the ratio of ch18 to ch17. This approach inherently makes the adjustment a function of the water vapor amount without the need to specify it and is directly applicable to clear and cloudy pixels
[16] Figure 6 shows the ratio of the AVHRR to MODIS ch1, ch2 and ch3a as function of the ratio of MODIS ch18 to ch17. The results in Figure 6 are restricted to values where the MODIS reflectance was greater than 2% for ch1 and ch3a and greater than 5% for ch2. This restriction is imposed since for very dark surfaces, the ratio of the MODIS to AVHRR reflectance becomes a strong function of aerosol and surface reflectance and the results deviate from the smooth functions shown in Figure 6 . This has little effect since in the final calibration, the low reflectance values are constrained by forcing the AVHRR to have zero reflectance at the prescribed dark count. As expected, the ch2 ratio is a strong function of the ratio of ch18 to ch17 since water vapor is the major source of the difference. It is important to note that given sufficient water vapor, the AVHRR to MODIS ratio can be less than 0.8. For the values of ratio of ch18 to ch17 seen in these data sets, the ratio of AVHRR to MODIS was typically 0.9 for clear pixels. For cloudy pixels, the ratio is higher (less correction) since most of the water vapor is beneath the cloud. For the ratio of AVHRR to MODIS ch1 and ch3a, the values show little dependence on the ratio of ch18 to ch17 because these channels possess little water vapor absorption. The ratio of AVHRR to MODIS ch3a is near 0.97 due to the larger amount of CO 2 absorption in the AVHRR channel. The ratio of AVHRR to MODIS ch1 is near unity indicating no adjustment is needed for differing atmospheric absorption. Also shown in Figure 6 are quadratic fits of the data which are used to adjust the MODIS reflectances to simulate what AVHRR would observe. It is these MODIS reflectances, adjusted on a pixel basis by the value of ch18/ch17, that are used in this calibration study. Since the adjustment to ch1 is so small, no adjustment for ch1 is made.
[17] This modeling approach described above does neglect spectral variations in the surface reflectance. For pixels which exhibit a smooth spectral variation in reflectance, such as snowy, cloudy and open water pixels, this should not be a concern. For vegetated surfaces, the spectral differences between MODIS and AVHRR are capable of causing significant differences in reflectance especially in ch2. Based on computations using the USGS spectral library [Clark et al., 1993] (available from the U.S. Geological Survey at http://speclab.cr.usgs.gov) of measured reflectance spectra for various vegetation types, the AVHRR ch2 reflectances could be up to 10% less than the MODIS ch2 reflectance for the same vegetation type. To determine, the amount of vegetation in these scenes, the values of the Normalized Differential Vegetation Index (ndvi = (ch2 À ch1)/(ch2 + ch1)) were computed. Roughly 8.5% of all pixels used in the calibration (all from scene 2) had ndvi values greater than 0.2, which is indicative of vegetation. To test the sensitivity of possible errors in the derived calibration due to not correcting the reflectances of the high ndvi pixels, the calibration values described later where recomputed without pixels with ndvi > 0.2. The resulting calibration parameters, described in section 4, did not change by more than 1%. In conclusion, the spectral variation of vegetation reflectance does require correction to use MODIS to model AVHRR reflectances. However, since vegetated pixels comprised less than 10% of the data used here, no correction was warranted for this study.
Results
[18] In the previous section, the steps required to spatially and spectrally match the MODIS and AVHRR reflectances were described. In this section, the results from the comparison of the MODIS and AVHRR channels are used to calibrate the AVHRR. During the preflight calibration, the visible channels of AVHRR were calibrated on the optical test bench using a NIST traceable 40 00 integrating sphere at 24 different intensity levels [ITT Industries, Inc., 1999] In this study, we employ a similar method on a pixel basis over the range of intensities provided by these two scenes, with MODIS serving as the well-calibrated reference.
[19] Unlike the previous series of AVHRRs, the NOAA-KLM AVHRRs operate with a dual gain. The AVHRR measures counts from 0 to 1023 and the separation of the two gain states occurs near 500 counts. Ch1 and ch2 are designed to measure 25% reflectance at 500 counts. Ch3a is designed to measure a reflectance of 12.5% at 500 counts. The reasoning for this dual-gain approach is to increase the sensitivity at low values of reflectance for aerosol retrievals. The pre NOAA-KLM reflectance channels were designed to measure 50% reflectance at 500 counts. The format for the AVHRR reflectance calibration is to provide a slope, S and intercept, b such that the reflectance, R, can be computed from the instrument count, C, as
As given by Goodrum et al.
[2000], the reflectance produced by this calibration is defined as
where I is the in-band radiance and F is the in-band top-ofatmosphere solar irradiance. This definition does not include division by solar zenith angle cosine nor does it account for the Sun-Earth distance variation. The preflight calibration slopes and intercepts are given in NOAA-KLM Polar Orbiter Data Users Guide (POD) [Goodrum et al., 2000] . The values of the preflight slopes and intercepts for each channel are given in Table 2 .
[20] In determining a calibration, the only assumptions made about the performance of the AVHRR are that (1) the gain switch occurs at the prescribed switch count (near 500), (2) the AVHRR reads zero reflectance at the prescribed dark count, (3) the response is linear within the high and low gain regions and (4) the reflectance values should be continuous at the gain switch. The count at which the gain switches, the switch count, is determined during the preflight electronics calibration [ITT Industries, Inc., 1999] . The switch count for ch1 is 498.96, for ch2 is 500.17, and for ch3a is 499.43 counts. These numbers, Figure 6 . Variation of the ratio of the AVHRR and MODIS channels to the ratio of MODIS channels 18 and 17. rounded to the nearest integer, are also compiled by Goodrum et al. [2000] . The dark count for each channel is the count measured when the reflectance is zero. To determine the dark count, one orbit of space-view counts of NOAA 16 were analyzed. The results showed that the mean dark counts for ch1, ch2 and ch3a are 39.3, 38.9 and 38.4 and the standard deviations of the dark counts for ch1, ch2 ch3a are 0.44, 0.27 and 1.32. Except for ch3a, the dark counts are close to those implied in the preflight calibration. The dark count also determines the ratio of the intercept to the slope in the low gain region. The dark count for ch3a implied in the preflight calibration is 71.2. During the preflight calibration conducted at ITT, the dark count is measured directly. However for this study, the dark counts derived from the actual space-view measurements are used to ensure consistency with the observations. This difference in the ch3a dark count results in significant reflectance differences for counts less than 100. The preflight dark count of 71.2 for ch3a is most likely a mistake and the resulting large relative differences between the preflight and MODIS-derived calibrations for ch3a are not representative of the expected performance of properly computed preflight calibrations.
[21] Figures 7 -9 show the plot of matching the AVHRR counts to the MODIS-derived AVHRR reflectances on a pixel by pixel basis. The observations from both scenes are combined in Figures 7 -9 and the total number of points in each figure is 28010. The data from both scenes are used in each plot. The most obvious feature of these figures is that data populate both gain settings and the switch in gain near 500 counts is clearly evident. The data from these two scenes appear sufficient to populate the curves over the count range up to 700 counts. Due to the high solar zenith angles present in these high latitude scenes, it is impossible to measure counts greater than 800. Also shown in Figures  7 -9 are the regression lines computed for the high and low gain regions. Table 2 presents the slope and intercept values derived for each channel in each gain setting. Consistent with the assumptions listed above, the regressions were constrained to give zero reflectance at the prescribed dark count and to be continuous at the switch count. There is a discontinuity on the order of 0.5% reflectance at the switch count for each channel using the preflight calibrations.
[22] Statistics of how well the calibrations derived above fit the measurements are given in Table 3 . The statistics in Table 3 are compiled separately for the low and high count regions. The columns labeled mean report the mean of the ratio of the MODIS-derived AVHRR reflectance to the reflectance predicted by the calibration. The standard deviations given in Table 3 are the standard deviations of this ratio. To avoid numerical instability, only data points with AVHRR counts greater than 100 were used in compiling these statistics. Perfect agreement would be indicated by a mean of unity and a standard deviation of zero. The results indicate that the mean ratio is within 2% of unity for all channels for both count regions except for the low count region in ch3a where the mean ratio is 1.06. The ch3a standard deviations are the largest for both the low and high count regions. The larger standard deviations seen in ch3a may be due to the residual navigation errors coupled with the large spatial variation in the ch3a reflectance. The larger mean value for the ch3a low region is caused by the asymmetric distribution of points along the derived calibration curves seen in Figure 9 . The deviation from unity in the mean is largely a consequence of forcing the regressions to be continuous at the switch count and for the low count regression to produce zero reflectance at the prescribed dark count. Better statistics could be produced if the regression were free to choose the dark and switch count. Our current understanding of the AVHRR performance does not indicate that the dark and switch counts should be free parameters in the calibration.
[23] The reflectances at the switch counts using the MODIS-derived calibration are 24.7, 27.6 and 12.0% for ch1, ch2 and ch3a. As mentioned before, AVHRR was nominally designed to give values of 25, 25, and 12.5% for ch1, ch2 and ch3a. The values of the reflectance at the switch counts computed from the preflight calibrations generally fall within 1% of the nominal values. This immediately indicates that application of the MODISderived calibration near 500 counts will have little impact on ch1, increase ch2 and decrease ch3a. To explore the effect of the MODIS calibration for all AVHRR count values, the AVHRR reflectances for all count values were computed using both the MODIS-derived and the preflight calibration. Figure 10 shows the ratio of the reflectance computed using the MODIS and the preflight calibration.
[24] The results indicate that in the count range from 100 to 500, the MODIS calibration will have little effect on the ch1 reflectance, increase the ch2 reflectance by 10% compared the 1b preflight calibration.For counts less than 300, the MODIS-derived calibration acts to significantly increase the ch3a reflectance relative to the preflight calibration. For counts less than 60, ch1 and ch2 reflectances from the MODIS-derived calibration will be less than the preflight values. The preflight ch3a calibration produces negative reflectances for counts less than 71 and this accounts for the large relative discrepancy between the MODIS-derived and preflight calibration results for counts less than 200. As the counts increase beyond 500, the MODIS-derived and preflight reflectances converge to be within 5% of each other for all channels. The discontinuity seen in the curves near 500 counts is due to the discontinuity at the switch counts present in the preflight calibration.
[25] While comparison with MODIS offers a new technique for AVHRR calibration, any new AVHRR calibration method needs to be compared with previous techniques of vicarious calibration. One of these techniques involves looking at time series of radiometrically stable targets. Rao and Chen [1995 , 1996 , 1999 have used a target in the Libyan Desert to calibrate the AVHRRs on NOAA 7,9,11 and 14. The time series only provides the relative change in time. The absolute calibration is derived using NOAA 9 observations of the target during a period when NOAA 9 was calibrated independently [Smith et al., 1988] . Table 4 shows the results applying the preflight and MODIS calibration results to data taken from 25 clear scenes during the first 12 months of operational life of NOAA 16. No Sun-Earth distance adjustment is made since this data spans an annual cycle. Also, the reflectances in Table 4 are normalized by the cosine of the solar zenith angle. The reflectance of the Libyan target is sufficient so that it is in the high gain region for all channels. The results are consistent with Figure 10 and indicate that in terms of absolute reflectance, the MODIS reflectances are roughly 0.9% higher in ch1, 4.5% higher in ch2 and 2.5% higher in ch3a compared to the reflectances using the preflight Figure 10 . Variation of the ratio of the AVHRR reflectance derived from the MODIS calibration to that from the preflight calibration. calibration. In comparison with the NOAA 9 reference values, the MODIS calibrated reflectances are roughly 1.4% higher for ch1 and 3.4% higher in ch2. As stated before, there is no reference value of ch3a from NOAA 9 for the Libyan Desert Target. Given the uncertainty in the vicarious calibration techniques, a relative agreement of less than 5% between the MODIS-derived calibration results and the NOAA 9 reference values is promising. Also, if the MODIS-derived calibration for ch1 is correct, its agreement with the preflight calibration, indicates that ch1 on the NOAA 16 AVHRR has undergone little degradation after launch and after one year in orbit. To put this in context, vicarious calibrations of the NOAA 12 AVHRR have indicated that immediately after launch, the reflectances using the preflight calibration where relatively 20% too low for ch1 and 40% too low for ch2 [Loeb, 1997; Heidinger et al., 2002] .
Conclusions
[26] The objective of this paper was to determine if MODIS could be used to calibrate AVHRR. The motivation for this was that the new dual-gain operation of the AVHRR reflectance channels makes the use of the traditional vicarious calibration methods using radiometrically stable targets such as deserts much more problematic. The relatively small amount of scatter in the plots of the remapped AVHRR counts versus the scaled MODIS reflectances indicate that a pixel level comparison of the two data sets is possible given the tight temporal and spatial criteria used in selecting the over-passes. While the adjustment in ch2 required for MODIS to match AVHRR is much larger than the desired calibration accuracy, the additional spectral information offered by MODIS greatly enhances the ability for accurate atmospheric correction. The difference in the calibration derived from the MODIS compared to preflight calibration is well within the expected behavior of the AVHRR during its first year in orbit. Comparison with reference reflectance values from NOAA 9 for a Libyan Desert Target were within 5%. This level of agreement indicates it may be possible to calibrate AVHRR with MODIS with an accuracy at least as good as that from previous vicarious techniques. The results of this study indicate that MODIS clearly offers a new and feasible method for post-launch calibration of the reflectance channels on the AVHRR.
